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The biologically relevant and active forms of human 
immunodeficiency viruses type 1 and 2 reverse tran- 
scriptase found in infectious virions are heterodimers 
produced in a two-step dimerization process. Dimeriza- 
tion involves first the rapid association of the two sub- 
units, followed by a slow conformational change yield- 
ing a fully active form. We have shown that the dimeric 
nature of reverse transcriptase represents a important 
target for the design of a new class of antiviral agents. In 
this work, we propose a new strategy for its inhibition 
by targeting protein/protein interactions during viral 
formation in infected cells. From the screening of pep- 
tides derived from the tryptophan cluster at the inter- 
face of the connection subdomain, we have designed a 
short peptide (10 residues) con-esponding to residues 
395-404, which can block diraerization of reverse tran- 
scriptase in vitro and in infected cells. This peptide is 
highly efficient in abolishing the production of viral 
particle St without any adverse toxic side effects, when 
transduced into human immunodeficiency vims type 
1 -infected cells together with a new peptide carrier. 



Reverse transcriptase (RT)-' plays a key role in the replica- 
tion of HIV by converting single-stranded genomic Rr^A into 
double- stranded proviral DNA and represents one of the main 
targets for the development of AIDS therapy. Most inhibitors of 
RT described in the past years, whether nucleoside analogues 
or nonnucleoside inhibitors target the polymerase activity of 
RT but present some limitations including toxicity and the 
emergence of resistant strains (1-3). 

The biologically relevant and active form of human immuno- 
deficiency virus reverse transcriptases (HIV-RT) found in in- 
fectious virions is a heterodimer containing two polypeptides, 
p66 and p51; the latter derived from the former by proteolytic 
cleavage of its C-terminal domain (4, 5). The structure of HIV-1 
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RT has been solved in different states: unliganded (6), com- 
plexed with nonnucleoside inhibitors (7-9), complexed with 
double-stranded DNA (10), and covalently trapped with DNA 
template/primer and deoxynucleoside triphosphate (11) and 
reveals an asymmetric interaction between the two subunits. 
The p66 and p51 subunits contain four similar subdomains 
forming the polymerase domain termed fmgers, palm, thumb, 
and connection with a similar individual structure but a sig- 
nificantly different orientation relative to one another (6-8). 

We have demonstrated that heterodimeric RTs are produced 
in a two-step dimerization process, which involves the rapid 
association of the two subunits into an inactive dimer, followed 
by a slow conformational change yielding the fully active form 
(12, 13). The dimer interface is mainly dominated by hydropho- 
bic interactions between the two connection subdomains (IS- 
IS). Based on the x-ray crystallographic structure of HIV-1 RT, 
we have shown that the first interaction between p66 and p51 
occurs in a Trp-rich hydrophobic cluster located in the connec- 
tion subdomain of the two subunits and is followed by a con- 
formational change that stacks the thumb subdomain of p51 
onto the RNase-H domain of p66 and places the fingers subdo- 
main of p51 in the palm subdomain of p6€ (12). 

An interesting feature of HIV-1 RT is that the dimeric form 
of the enzyme is absolutely required for all enzymatic activities 
(16-18). As such, we have proposed the dimerization process of 
RT as an interesting target for AIDS chemotherapy (16, 19, 20). 
In this work, we describe a new strategy for RT inhibition by 
targeting protein/protein interactions during viral formation in 
infected cells. We demonstrate that a short peptide (10 resi- 
dues) derived from the tryptophan cluster at the interface of 
the connection subdomains inhibits dimerization of RT in vitro 
and abolishes the production of viral particles without any 
adverse toxic side effects when transduced into HIV-1 infected 
cells. 

EXPERIMENTAL PROCEDURES 

Peptide Synth-esis — The different peptides were synthesized by solid 
phase peptide synthesis using aminoethyldithio-2-iBobutyric acid- 
expensin resin with a 9050 Pepsynthetizer (Milhpore, UK) according to 
the Fmoc(?^-(9-fluorcnyl)methoKycarbonylV^crf-butyl method, pm-ified 
by semi -preparative HPLC and identified by electrospray mass spec- 
trometry and amino acid analysis (21, 22). To increase their stability, 
both peptides were acetylated at the N terminus and linked to a cyate- 
amide group at the C-terminal part (22). For cellular localization, 
peptides were coupled with Lucifer yellow iodoacctamide dipotassium 
salt (Molecular Probes) (21). 

Enzyme Preparation — Recombinant HIV-1 RT was expressed in 
Escherichia coli and purified as described previously (17). Highly ho- 
mogenous preparations of the heterodimeric form of the enzyme ob- 
tained by co-expressing the 66- and 51-kUa subunits were used. En- 
zyme concentration was routinely determined by Bradford (23) using 
^ravi metrically prepared solutions of RT as a standard. 
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Tabu: I 

Inhibition ofHIV-l RT dimenzation by synthetic peptides 



'V 1 ^ +ko r MnH K-t/rmiiial end rcflpectively. Peptides 3, 4, 5, 6, 7, and 9 are 

AU peptides were Bynthe«.zed with cyBteam.de f e^X,SO%,o'eff^t oft^^ on the ntallility L polymerase activity of RT waB 

luble in water and the other pc,.t>deB wer,. '"^f'^"""rZ\o^' Lso^ luon and acUvafon rate conatanU were c^lcnlat^d fr«,n peptide 
;r„tra! • Xe^ t^^'^tl ^cut^ .r^TrX'cJfot^Xe^racUvity and . the d^.. ordimer.at.n hy HPLC Bi. e,..B.on. 



The data reported her* correspond to averagea of four mdep«^ndent experiments^ 



Peptide sequences (HIV-l BHjo isolate) 



Ajisociation rate 



Activation rnte 



K,, value 



PTa.PIQKETWETWWTEYWQATWYPEWEFV^ 
FKI.PIQKETWETWWDNYWQVTW 
PKT.PIQKKTWETWWTEYWE 
FKLPIQKETWETWWTE 
KETWETWWDNWQVTW 
KETWETWWTNYWE 
KETWETWWTE 

KETWETWWTEYWQATOYPEWE 
9 KETWETWWDNYWQVTWVPEWE 

10. TWWTEYWQATWYPEWEFV 

11. TEYWQATWTPEWE 

12. TEYWQATWIPEWEFV 



0.8 
0.8 

1.5 



10^ 
10'"' 
lO^'' 
10^ 



0.21 10^ 
0.27 10^ 
0.31 10^ 
1.4 W 



0-9 
4.2 
5.4 
5.0 



10* 
10* 
10* 
10* 



Polymerase RT Assay— PolymersiBe activity waa measured in stand- 
ard asflaya using poly(rAHdT)i5 ^ a primer/template bb described 
previously (18). The RT preparations used showed a specific activity of 
about 10 boo unita/mg, where 1 unit of enzyme catalyzes the incorpo- 
ration of 1 nmol of TMP in 10 min at 37 into acid-insoluble matenals. 

HPLC Size Exclusion Chromatography— ChromatogrBphy was per- 
formed as already described (16, 19) using two HPLC columns in aeries 
(Bio-Rad TSK-125 and TSK-250). Size exclusion chromatography was 
performed with 5^10 of protein, and the columns were eluted with 
200 mM potassium phosphate (pH 7.0) at a flow ratf^ of 0.8 ml/min. 

In Vitro RT Dimervzation A^y— Dissociation of HIV-l RT was 
achieved by addition of 17% acetonitrile into a 50 mM MOPS-HCI, pH 
7.5 buffer containing 10 mM MgCla, 50 mM KCl, and 5% glycerol. 
Association of the subunits was then initiated in the absence or in the 
presence of increasing concentraUons of peptides by a 12-fold dilution 
into an acetonitrile-free buffer resulting in a final concentration of 1-4% 
acetonitrile. All experiments were performed at 25 "C, with an enzyme 
concentration of 0.2-2 yM. Establishment of the dimerization equilib- 
rium was followed in a time-dependent manner by size exclusion HPLC 
and polymerase activity assays using 100 ngof RT (16, 19)- The kinetics 
of formation of native RT were measured with a 50-ng sample of RT for 
5 min only at 37 "C, so as to limit any further activation by 
dimerization. 

Cell Cu/ture— Adherent human HS-68 fibroblasts as well as human 
MT4 and CEM-SS lymphobUsta in suspension were cultured in Dul- 
becco's modified Eagle's medium supplemented with 1% 200 mM gluta- 
mine, 1% antibiotics (streptomycin 10,000 ^ig/ml, peniciUin 10,000 lU/ 
ml) and 10% (w/v) fetal calf aerum, at 37 "C in a humidified atmoBphcre 
containing 5% COj as described previously (22). For investigating the 
cellular localization of peptides, cells were plated on glass coverslips 
and grown to 76% confluency, then overlaid with^ jpeptide or 
MPG-peptide complexes (ratio 20/1) and incubated for various times. 
The coveralips were then rinsed extensively with phosphate-buCfered 
saline and cells were fixed in 2% paraformaldehyde for 5 min, then 
rehydrated in phosphate-bufiered saline. Fluorescent images were shot 
using a Nikon camera directly connected to a pereonal computer. The 
cytotoxicity of both p7 and p7-MPG corapiexea were investigated in the 
cell lines mentioned above. Oils grown in 35-mm diameter dishes to 
75% confluency (0.6-1.10** cella/diah) were incubated with 0.1 mm to 1 
mM p7 alone or complexed to MPG in a 1/20 ratio. CeU culture medium 
with p7 or p7-MPG was not changed, and cell proliferation was meas- 
ured over 4 days. Cytotoxicity was evaluated with the colorimetric 
3-(4,5-dimethylthiazol-2-yl>^2,6-diphenyl tetrazolium bromide (MTT) 
assay, after removing cell culture medium and replacing it with phos- 
phate-buffered saline containing 5 mg/ml of MTT (24). 

Antiviml Activity— ThB CD4+ lymphoblastoid GEM ceU line was 
obtained from the American Type Culture CoUection (ATCC). Cells 
were cultured in RPMI 1640 medimn supplemented with 10% fetal calf 
serum, 1% glutamax, and 1% penicillin-streptomycin antibiotic mixture 
(Life Technologies, Inc.) to a density of 5 X lO** cella/ml in a 5% CO^ 
atmosphere. For infection, 10*^ CEM cells were incubate for 30 min at 
4 "C with 100 mI of HTV-Ilai a concentration of 100 X 50% tissue 
culture infective dose. Then cells were washed five times and cultured 
at 5 X 10* cells/ml in 24-weU microplatea with various concentrataons of 
peptide p7 and MPGtd7 (1 to 0.1 nM), 13B8.2 (66 nM) an anti-CD4 



h ' 
0.05 
0.047 
0.101 
0.071 
0.018 
0.012 
0.018 
0.12 
0-14 
0.16 
0-18 
0.18 



1.2 ± 0.7 
1.5 1 0.5 
2.2 ± 0.9 
1.7 0.2 
0.25 i 0.1 
0.34 ± 0.2 
0.24 ± 0.1 
65 ± 12 
22 ± 6 
>200 



monoclonal antibody (Immunotech), or azidothymidine (10 AtM). Viral 
production was monitored twice a week by measuring reverse tran- 
scriptase activity in 1 ml of cell-free supernatant. 

Fluorescence Experiments— FlMOtQa^icmx measurements were per- 
formed at 25 °C, using a Spex Fluorolog TI Jobin Yvou nuorimeter. The 
fluorescence of peptides (0.&-1 yM) was measured in a total volume of 
0.7 ml of buffer containing 50 mM Tris-HCl, 50 nM KCl, pH 7.5. Exci- 
tation was routinely performed at 290 nm, and fluorescence emission 
intensity was monitored at 340 nm. Titration curves were fitted using 
a quadratic equation with the Grafit program, as already described (22). 

RESULTS AND DISCUSSION 

Peptide Desi^— -Based on the knowledge of both the dimer- 
ization process and the different x-ray structixres of HIV-l RT, 
the main interface between p66 and p51 subunits has been 
shown to involve a cluster of Trp residues in the two connection 
subdomains (20, 25-27). Ihis cluster forms a hydrophobic 
patch in the region containing ot-helix L and )3-strand 19, (res- 
idues 389 to 422 in the BHjo isolate) (14, 15, 25). We have 
previously demonstrated that a peptide encompassing residues 
388 to 415, in the connection domain can block the dimerization 
of HIV-l and HIV-2 RTs in vitro (19, 20). To define a minimal 
sequence required for the inhibition of RT dimerization and to 
propose it as a new "antiviral-drug^ for infected cells, 12 pep- 
tides (sequences are reported in Table I) derived from this 
interface domain were designed and eyntheeized with an acety- 
lated N terminus and a C-terminal cysteamide group (21). 
These groups were added to increase the stability of the pep- 
tides and to improve their delivery into cells. Moreover the 
cysteamide group was useful for the covalent attachment of a 
fluorescent prt>be, aUowing to investigate the celltilar locaUza- 
tion of the peptides. 

Peptides Derived from ike Connection Domain Inhibit RT 
Dimerization in Vitro —The potential of each peptide to inhibit 
RT in vitro was investigated. Dissociation of RT was performed 
at 25 °C by addition of 17% acetonitrile, and re-association of 
the subunits was induced by a 12-fold dilution of the sample 
into an acetonitrile-free buffer. The association rate of the 
subunits was determined by monitoring the ratio of dimeric RT 
by HPLC size exclusion (Fig. la), and the activation rate of 
dimeric RT was followed l>y measuring the recovery of polym- 
erase activity of HIV-l RT (Fig. 16). Association and activation 
rates of HIV-l RT in the absence of peptide inhibitors were 
calculated as 5.1 10"^ m"^ s"^ and 0.17 h"\ respectively. The 
presence of 5 /ijwof the 29-mer peptide (pi) corresponding to the 
a-helix L and ^strand 19 of the connection domain, strongly 
reduced both the association and activation rate constants to 

0. 8 10^ s"^ and 0.05 h"\ respectively. As reported in Table 

1, most of the peptides derived from the Trp cluster of the 
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Fig. 1- Peptide inhibition of HIV-1 RT dimerization process in 
vitro. Heterodimeric RT (5 ^m) was first dissociated with 17% of ace- 
Lonitrile at pR 7.5, 25 "C, and Tnonomer-monomer aBSOciation was ini- 
tiated by a 12-fold dilution in an acetonitrilc-frce buffer in the abaemre 
(O) or presence of 10 /iM of peptide pi (A), p6 (A), and p7 (•). a, 
inhibition of HIV-RT dimerization by the different peptides was moni- 
tored by following the kinetics of monomer-monomer association by 
HPLC size exclusion chroma tofjraphy with lO-A^g aamplea of RT, and 
the data were analyzed according to a second-order reaction, 6, inhibi- 
tion by the different peptides was monitored by following the kinetics of 
formation of active heterodimeric RT, quantified in a polymerase activ- 
ity assay. Curves were fitted as a single exponential, c. dependence of 
the dimerization rate constant of HTV-l RT on jieptide concentration. 
Monomer-monomer association was performed in the presence of in- 
creasing concentrations of pll (O), pi (A), p6 (A), and p7 (•) peptides. 
Dimerization rate constants were determined by fitting the time-de- 
pendent association curve obtained by size exclusion HPLC as a second- 
order reaction. 

connection subdomain affected both the association and the 
activation rates of heterodimeric HIV-1 RT. This correlation 
between polymerase activity and dimer fonnation reveals that 



lack of activity is due to the direct targeting by these rM?ptidL>s 
of the first step of the dimerization process of RT: monomer/ 
monomer association. Peptides p5 (395-410), p6 (395--407), 
and p7 (395-404) corresponding U) the N-terminal s*iquente of 
the Trp cluster were most efficient, reducing the association 
and activation rate constants of RT to 0-31--0.21 10^ m * s 
and 0.018 -0.012 h' \ respectively at 5 ^i.M. That these shorter 
jjeptides should be at least 3 fold more efficient than longer 
peptides (pi and p3) is probably due to their lack of folding, 
whereas pi and p3 tend to fold into an a helix and aggregate in 
solution. 

In all cases, the association rate of HIV-1 RT is dependent on 
the concentration of peptide uscxi. The titration curves obtained 
for pi, p6, and p7 reveal that these peptides exhibit a relatively 
high affinity for the two subunits of RT with overall values 
of 1.2, 0,25, and 0.34 /xm, respectively (Fig. Ic). In contrast, the 
lack of inhibition observed with peptides pll and pl2 suggests 
that the Oterminal part of the Trp cluster is not essential for 
the inhibition of RT dimerization. Finally the very low inhibi- 
tion obtained with plO confums the essential role of Trp^^® 
within the cluster, which is not surprising if one considers that 
in the struciiure of HIV 1 RT, residues "KETWEr* within a-he- 
lix L forms the main contact at the p66/p51 interface (Fig. 2b). 
Moreover, mutation of Trp^^^ and Trp'*^^ (in the HW-Ibhio 
isolate) strongly affected the stability of the dimeric form of 
HlV-1 RT in vitroJ^ However, this short sequence was not 
sufficient for inhibition of RT dimerization. Indeed, peptide p7, 
corresponding to fiill a-helix L, is the minimal sequence re- 
quired to inhibit dimerization of RT in vitro. Based on these 
data we propose the minimal lO-residue peptide, KETWETW- 
WTE, as an inhibitor of RT dimerization. 

Cell Delivery of the Peptide Inhibitor— We further investi- 
gated the delivery of peptide p7 into cells and its antiviral 
activity on infected cell lines. The main problems in the deliv- 
ery of drugs into cells are crossing the cell membrane and 
reaching the target within the cell. To locate peptides in differ- 
ent cell lines, we exploited the inherent properties of the cys- 
teamide group at the C-terminal end of the peptide to co- 
valently link a fluorescent probe, Lucifer yellow. Peptide 7 was 
applied onto cultured human adherent HS-68 fibroblasts in the 
presence of 10% serum. In these conditions no degradation of 
the peptides could be detected after 1 h incubation. As shown in 
Fig. 3, peptide inhibitors entered cells poorly and after 1 h of 
incubation, localized in the cytoplasm (Fig. 3b). To overcome 
the lack of efficient cell delivery, we used a carrier peptidyl 
system (MPG) derived from the fusion peptide of gp41 and 
containing the nuclear localization sequence of SV40 large T 
antigen (22). This bifunctional carrier contains a hydrophobic 
N-terminal domain and a hydrophilic C-terminal moiety, the 
latter being extremely powerful for the delivery of oligonucleo- 
tides and plasmids into cells (22). Here we used the hydropho- 
bic domain of this carrier to form contacts with the anti-RT 
peptides. 

Binding of p7 to MPG was determined by measuring changes 
in the intrinsic Trp fluorescence of the peptide, upon titration 
of a fixed concentration of MPG (1 ^) with increasing concen- 
trations of p7. The corresponding titration curve (Fig. 3e), re- 
veals that p7 interacts strongly with MPG, induces an impor- 
tant quenching of fluorescence up to 30%, with a dissociation 
constant of approximately 30 ± 7 nM. The fluorescence of MPG 
should be negligible compared with that of p7, which contains 
3 Trp residues. The quenching of fluorescence of MPG ob- 
served, suggests that the fluorescence of p7 is completely abol- 
ished upon binding to MPG. Saturation takes place for a con- 
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Fk) 2 structure of HIV-1 RT and location of the Trp cluster in the connection subdomaiii^ a atrurture of HTV-1 RT as revelled by 
.^^y JysZZt^ P51 and p66 nulMmit. are m gr.en an.! re.d. r..,^U.e\y. The strtictures of p7 m p66 and p51 are ehown xn rnfute. b, 

location of the Trp^, Trp*^\ and Trp**''' in the thiunb subdomain int<^rfaa» }>etween p66 and p51. 
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10 12 14 

Time (min) 

Fi(i 8 Formation, cellular localization, and cell delivery of MP(>p7 complex. Peptides and complexes were applied onto HS68 plated 
on g\aaa coverslips and grown to 75% confluency in the preaence of 10% aerum. The cellular localization of p7, and of the MPG-P7 complex (ratio 
1/20) was monitored by confocal microscopy thanks to C-terminally nuorescently lal>eled peptide, a, control experiment with free Lucifer yellow; 
6, 1 fiM of p7 in the absence of MPG; c and d, 0.1 iiM of p7-MPG complex incut>ated for 30 min and 5 min, respecUvely, before fixation and 
observation- the formation of the ^TPG-p7 complex was monitonxl by mea.sunng changes in intrinsic tryptophan fluorescence of MPG at 340 nm, 
ui>on excitation at 290 nm. A fixed concentration of MPG (1 ^iM) was titrated with increasing amounts of p7;/; the difTerent populations of p7 and 
p7-MPG complexes were punfied by si^e exclusion HPLC. MT'CJ (f) ^M) and p7 (0.1 mM) were incubated for 15 min in phosphat£ buffer, pH 7.0, then 
applied onto a size exclusion HPLC column (TSK 12,S, Bio-Rad 7, F> x 300 mm) and eluted with 200 mM potaiisium phosphiite, pH 7.0, at a fiow 
rate of 1.0 ml/min. 



centra tion of p7 of 50 nM, which is 20- fold lower than that of the 
MPG, suggesting that p7 interacts strongly w-tth more than one 
molecule of MPG. From the K,; and the saturation concentra- 



tion values we estimated the ratio to 30 molecules of MPG for 
one molecule of peptide inhibitor. 

The preformed MPG-p7 complex was w^parated and purified 
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by size exclusion HPLC in u high concentration of salt {200 mM 
NaCl). Three diffenmt aubpopulations were observed (Pig. 3f): 
the main peak (1) corresponding to a molecular mass of -^50 




10 100 1000 10000 
p7 (pM) 




1 10 100 1000 

MPG/p7 complex (pM) 



10000 



Fig. 4. Cytotoxicity of p7 and MPG-p7 complex. Tlie tx)xidty of p7 
(panel a) and of the p7-MPG complex (ratio 20/1 ) (panel b) were monitored 
in different ceU Unes including HS68 (■), MT4 (□), and CEM^SS (^) cells. 
Cell death was quantified by MTT fltaining after 2 days of incubation. 



p7 



E 

u 
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kDa, which can be assessed as a complex of p7-MPG at a 1/20 
ratio, when taking into account the molecular weight of each 
peptide (2.4 kDa for MPG and 0.8 kDa for p7); peaks 2 und 3 
correspond tf) lower molw'ular weight complcxen (20 kDu) con- 
taining both MPG and p7 and to the monomeric form of MPG, 
respectively. No monomeric p7 was detected, suggesting that in 
th(?se conditions all p7 is unnplexed with MPG. The stability of 
the pV-MI^ complex in high salt concentrations and the pres- 
(ince of hydrophobic residues in the st^uence of p7 favor the 
notion of a hydrophobic intf^raction between the two peptides. 
Moreover the interaction l)etween p7 and MPG promotes fur- 
ther MPG/MPG interactions, leading to the formation of a 
peptide carrier cage around p7. The main contact« betwtien 
MPG and anti-RT peptides may involve the fusion sequence of 
gp41 and the Trp cluster. 

The high molecular weight p7*MPG complex was purified 
and both its cellular localization and antiviral acti\'ity were 
analyzed. When complexed at a 20/1 ratio with MPG, p7 local- 
ized rapidly in the cytoplasm in less than 5 min, but afler 30 
min could be found mainly in the nucleus (Fig. 3, c and d). In 
contrast when complexed with MPG at a 10/1 ratio, most of p7 
was retained in the cell membranes, suggesting that this com- 
plex is not stable enough in the cell culture medium. Hence, 
formation of a large particle seems to improve the stability of 
p7 and to increase its delivery into cells. 

Toxicity of the Peptide Inhibitor — The degree of torxicity of p7 
and of the MPG/p7 (20/1) complex were analyzed in different 
cell lines, including HS-68, MT^, and CEM-SS cell lines. No 
toxicity was observed for concentrations of p7 up to 10 ;am, and 
cell viability was only decreased by about 5-10%, depending on 
the cell line, for a peptide concentration of 100 (Fig. 4a). We 
have already reported that MPG alone is not toxic at concen- 
trations up to 100 /jjw (19); when complexed with p7, no cytox- 
icitTy was observed for concentrations up to 1 mM (Fig. 46), 
which is much higher than the concentration required for in- 
hibition of HIV-1 RT by p7 in vitro or than the value of this 
peptide for the subunits of RT. In conclusion, the interaction 
between p7 and MPG, decreases toxicity and improves cell 
delivery of the peptide. 

Antiviral Activity of tJie Peptide Inhibitor— The ability of p7 
and of the p7*MPG complex to inhibit HIV-1 infection in cul- 
tured CEM-T cells was measured by monitoring RT activity in 



B 



MPG/p7 




Days post-infection 



Days pusi-infection 



Fig. 5. EfTect of different concentrations of p7 and MPG-p7 on HIV-1 infection. CEM ccllfl exposed to 100 ^1 of viral suspension 
containing lOO x 50% LLsaue culture infective dose of HrV^l,^j were cultured in medium alone ( ♦ ), medium -supplemented with 13B8.2 (66 nM) 
(•), azidothymidine (10 /iM> (A), peptide 7 (panel a) or MPG-p7 (panel b) at \ tm (G), 100 nM (01, 10 nM (O), 1 nM (A), and 0.1 nM (V). Viral 
production was monitored by measuring RT activity. Culture aupematants from virua-free CEM cells [■) wore tested as a control. 
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the cell-free culture aupemutante. The peptides were added 
after a 30'niin adsorption of the virus at 4 just before 
incubation of the cells at 37 °C. Kinetics of HIV-1 production in 
the presence of p7 or of MPO-pV are reported in Fig 5. We 
investigated the kinetics of viral production in the presence of 
different concentrations of p7 and MPG/p7, in comparison with 
two other HIV inhibitors: azidothymidine (10 ^m) and anti-CD4 
antibody 13B8.2 (66 dm) (28). In the presence of 100 nM of p7 no 
virus was detected up to 22 days post^ infection (Fig. 5g). For a 
concentration of 10 rm of p7, viral replication was inhibited 
during the first IfS days, after which slow propagation of virus 
was detected in the RT assay and confirmed by dosage of p24 
{data not shown). For lower concentrations of p7 (1 and 0.1 nM), 
viral production was slightly delayed con^pared with the con- 
trol without inhibitor. When p7 was complexed to MPG, anti- 
viral activity was markedly improved, as no virus was detected 
22 days after infection with 10 nw of p7 (Fig. 5&). Even at the 
lowest concentration used (0.1 nM), no virus was detected up to 
15 days post-infection. That no virus was detected after at least 
1 month at higher concentrations of p7-MPG complex (100 nM), 
suggests that the viral production observed at low concentra- 
tions of p7 16 mainly due to the limitation of p7 and not to a 
resistant mutation in RT. The p7-MPG complex is therefore at 
least 10-fold more efficient than p7, probably due to the fact 
that MPG enhances both cell delivery and stability of the 
antiviral peptide in cell culture medium. 

CONCLUSION 

The antiviral properties of a peptide derived from the con- 
nection domain of RT validate the concept that dimerization of 
RT is an excellent target for the design of new HIV inhibitors. 
From our results, we conclude that peptide p7 is a very prom- 
ising antiviral agent for many reasons, (a) p7-MPG complex 
strongly inhibits HIV-1 production in infected cells and can be 
used at a very low concentration (1 nM), without any adverse 
toxic side effects. O^) The sequence of p7 KETWETWWTE is 
well conserved in aU isolates of HTV-land HIV-2 and is not 
reported in other proteins except reverse transcriptases (12, 20, 
25), suggesting that the Trp cluster is a natural key domain 
involved in the formation of active RT and that such a peptide 
can be used as a highly specific inhibitor of both HIV-1 and 
HIV-2. (c) p7 being a short peptide (10 residues) has proven 
extremely important for its development as a new antiviral 
drug, as shortness improves both its stability in cell culture 
medium and its potency against AIDS. 

Two hypotheses, which are not mutually exclusive, can be 
proposed to explain the mechanism through which RT activity 
is inhibited by these peptides in infected cells: peptides may 
block the formation of active RT before budding of the virus 
during the last step of the viral cycle and/or may also inhibit 
the first step of infection by inducing the dissociation of a 
preformed RT dimer required for reverse transcription. That 
heterodimeric RT is extremely stable and difficult to dissociate 
in vitro (13) favors the model of inhibition of the formation of 
active RT. The nature of the in vivo pathway of RT activation is 



not yet clear, but may require first an association leading to 
p66/p66 homodimer, foIlow€?d by the proteolytic cleavage of one 
of the RNase-H domains by HIV protease (4, 5); the interaction 
b<^tween the thumb domain of pf)! and the RNase H domain of 
p66 may then take place to yield mature heterodimeric RT. The 
important antiviral activity of p7 observed at a concentration 
100- fold lower than the /lj value measurixi in vitro between p7 
and RT subunits (0.24 ^m), suggests that in viva subunit asso- 
ciation ia directly controlled by the connection subdomains and 
that p7 may also interfere with the conversion of the p66/p66 
homodimer into a p5iyp66 heterodimer. 
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